Lithium-ion battery (LIB) manufacturing is based around the slurry tape casting of electrodes followed by the assembly of the dried electrodes into cells with a separator and electrolyte. Many aspects of the manufacturing process can affect the performance of a lithium-ion cell. One of the least understood aspects in academia is the effect of degradation of the materials during the manufacturing processes or the 'shelf-life' of the materials and components. Here, we discuss some of the time limitations and degradation issues observed during the manufacturing and testing of the components from an industrially sourced LiNi 0.6 Mn 0.2 Co 0.2 O 2 (NMC-622)//graphite cell, and the affect that the component storage has, upon both the performance and the properties of the materials and cells. The materials are stored either in a dry room, vacuum oven or in a laboratory environment and the effect of the atmosphere upon the degradation components of the electrodes and electrolyte is characterized by analytical surface techniques and electrochemical analysis. We note that all storage affects the electrochemical performance, even storage in a vacuum oven or dry room. We propose that the electrodes and electrolytes should be used immediately after manufacture; however, we propose alternative methods for storage in case this is not possible.
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This article is part of a discussion meeting issue 'Energy materials for a low carbon future'. carbonate (PC): ethylene carbonate (EC): diethyl carbonate (DEC) (1 : 1 : 3 by volume). Each coin cell was filled with an excess of electrolyte (60 µl). A stainless steel (316 L) spacer and wave string are also housed inside the casing to ensure uniform compression through the layers. The cells were then tested using Bio-Logic BCS 805 series cyclers using the following protocol: first charge and discharge at C/10 using CC/CV/CC (constant current charge, constant voltage at the upper voltage till the current drops to 10% of the original applied current and constant current discharge). The cells were charged up to 4.2 V for cathodes, with a subsequent electrochemical impedance spectroscopy (EIS) scan. The frequency range used was 10 kHz to 100 mHz, with a 10 mV perturbation voltage. Cells were held at the desired potential for 30 min prior to making EIS measurements. The cells were held at open circuit potential for 14 days, and then a second EIS measurement taken before cycling for 50 cycles at C/2 with CC/CV/CC, between the voltage limits 3 V and 4.2 V versus Li metal for cathode. In the case of the anode half-cells, the cells did not cycle to generate enough data for comparative analysis.
Full cells were made with the single-sided anode and cathode at a ratio of 2.2 mAh cm −2 to 2.0 mAh cm −2 . Two sets of three cells each were made: one for as-received electrodes and one for the electrodes stored in a vacuum oven for five months. Two slow charge/discharge formation cycles at C/20 were run for forming the cells using CC/CV/CC protocol between 4.2 V and 2.5 V. The cells were then cycled at C/2 with CC/CV/CC protocol between 4.2 V and 2.5 V. EIS scans were obtained from the two sets of cells over the period of the cycle life; immediately after formation, after 50, 100, 200 and 500 cycles. . X-ray diffraction patterns for the NMC-based cathode acquired at two-to four-week intervals stored in a dry room. Minimal variation is discernible except for the appearance of a secondary peak (approx. 16°2θ ) at four weeks assigned to hydrated layered oxide materials.
Results (a) Surface analysis: anode and cathode (i) Cathode
Samples cut from the NMC cathodes stored in the three environmental conditions, vacuum oven, dry room and standard laboratory conditions were evaluated initially at two-week intervals and then every four weeks once it became apparent that variation was minor. There was not an overriding obvious change in the position of the X-ray patterns indicating negligible lithium removal from the structure. A secondary peak appeared at low angles (approx. 16°2θ) after four weeks, which was assigned to hydrated layered oxide material. This additional peak was observed in all the samples after four weeks and it persisted for the remainder of the storage trial. A representative XRD is shown in figure 2 , the expansion highlights the emergence of the new peak, which could be due to the c-axis expansion of the crystal lattice with water incorporation. The surfaces of the as-received 'fresh' electrodes and the electrodes stored under the three environmental conditions have been analysed using SEM to study the effect of storage conditions on electrode surface morphology. Samples taken from each of the storage environments were imaged at approximately three-week intervals.
SEM images revealed that the cathode comprised primary particles of approximately 1 µm which are aggregated forming larger particulates of broad particle size distribution ranging from a few micrometre to up to 25-30 µm in diameter (figure 3). The cathodes stored under laboratory conditions showed some signs of surface cracks; however, the samples stored in the other two environments, the vacuum oven and dry room, did not appear to visually alter during the period of storage (figure 4). There is a large variation in the surface roughness within individual samples. Certain regions appear to be flat whereas others have crevasses and undulations. The flat areas likely represent portions of the surface, which were in relief prior to calendaring and have subsequently been compressed. It is, therefore, non-trivial to compare like for like regions due to the initial irregularity of the surface. EDS analysis confirmed the presence of the transition metals on the cathodes with some carbon-based additives (figures 5 and 6). In addition, to the SEM analysis, the surface of the as-received 'fresh' electrodes and the electrodes stored under the three environmental conditions have been analysed using XPS to study the effect of storage conditions on the surface composition of the electrodes. XPS analysis was conducted at week 12. Peak positions as well as the calculated percentages for the different constituent components for the identified peaks are displayed in table 1 and the change in the oxygen species with different storage conditions in figure 7 .
The XPS analysis reveals a clear difference in the surface composition of the as-received cathodes and the cathodes stored under the three different environments for a period of nine weeks. The elemental composition of all four cathodes is listed in 529.2), transition metal hydroxides (approx. 530.9) and C-O-C bonds (approx. 531.9). For the as-received cathode, oxygen made up to around 20% of the overall surface analysed. This is reduced to approximately 13.5% for the vac oven samples and approximately 18.7% for the dry room samples. Figure 8 shows the effect of oxygen and moisture on the elemental composition of the samples. As discussed, the vac oven samples had a reduced amount of oxygen when compared with the dry room samples and both of them being lower than the as-received samples. This can be attributed to the temperature and vacuum conditions inside the oven and the lack of any more oxygen or moisture. The dry room samples show a similar trend; however, they have slightly more oxygen which is available in the atmosphere. The laboratory samples resulted in an increased amount of oxygen which would be readily available in the atmosphere they were stored in. Within the oxygen bonding environment for the as-received samples, nickel oxide and the metal hydroxides [14, 15] made up to approximately 45% each and 10% being C-O-C. The metal hydroxides are reduced to approximately 17% for the vac oven samples showing the effect of vacuum environment. The metal hydroxides still made up a large proportion of oxygen in the laboratory samples as seen in figure 7 . The effect of moisture is seen with an increased hydroxide proportion in laboratory samples compared to the dry room and vacuum oven samples. As the materials are aged in the different environments the levels of graphitic carbon on the surface decrease (from the conductive additive), and the proportions of transition metal and lithium oxides increase. This is likely to be due to the hydroxide and carbonate species on the surface, and a slight expansion of the cathode particles as a result and the obscuring of the conductive additive species.
(ii) Anode X-ray diffraction was performed on the graphite anode electrode, after exposure to the different environments every two weeks. The material was predominantly graphite; additional peaks in the spectra were observed representing a carbon additive. No shift in peak position was observed in the X-ray patterns as a function of time for any of the storage conditions. Therefore, based on Xray diffraction the anode was not observed to change structure over time. A representative X-ray pattern is shown in figure 9 . Figure 10 . SEM image of the as-received anode at ×1500 magnification obtained using the secondary electron detector. The graphitic particles are 'bolder-like' in form with smooth unbroken surfaces.
µm
SEM images of the as-received anode reveal ellipsoid 'bolder-like' graphitic particles with a diameter of approximately 15-25 µm (figure 10). The general observation was that in the case of the vacuum oven, the anodes maintained their structure for the duration of storage whereas those in standard atmosphere developed fissures on the surface of the anode. The dry room samples also displayed some signs of surface cracking after eight weeks of storage ( figure 11 ). There is a trend therefore for an increased propensity to form these fissures, or particle pulverization, more rapidly the 'wetter' the storage condition. The fact that the surface morphology has been physically altered also suggests that the process is irreversible and so a heat treatment prior to cell assembly may not restore the electrodes original properties, although not reported here in this study.
Similar to the cathode XPS analysis, the 'as-received' electrodes as well as samples from the different storage environments were analysed after nine weeks of storage for the anodes. These mostly comprise carbon from the graphite that makes up most of the anode surface. The peak positions as well as the calculated percentages for the different constituent components for the identified peaks are displayed in table 2, which shows that the oxygen content is lower in the vacuum oven (approx. 14.4%) when compared with the dry room (approx. 15.5%) or the laboratory (approx. 15.9%). These results indicate more absorbed species in the samples stored in air. The proportion of the surface species are very similar between the different storage conditions. XPS is a surface technique and if the absorbed species are penetrating the particles causing low levels of exfoliation, as is indicated from the SEM images, this technique may not pick up this nuance. The SEM and XPS results suggest that storage in a vacuum oven is preferential however; it does not entirely mitigate degradation of the electrode. The limited change in the oxygen content with different storage conditions is shown in figure 12. (b) Half-cell formation and cycling Table 3 . Averaged electrochemical data for cells manufactured using electrodes stored in a vacuum oven, a dry room and a temperature-controlled laboratory at regular intervals over a five-month period. is not much of a difference between the aged electrodes, the first cycle loss increases from 12 to 16% during the 2-to 20-week exposure period, whereas the dry room loss remained at 12% and the standard laboratory sample around 11%. The main observation is the reduction in the formation capacity and the discharge capacity for the electrodes stored in the dry room and at standard room temperature and humidity, 0.18 mA h to 0.135 mA h and 0.16 mA h to 0.133 mA h for the two storage conditions, respectively. For the materials stored in the vacuum chamber this is not the case and although there is a drop in discharge capacity (0.09 mA h) there is no observable trend in the formation capacities. In all cases, the formation capacity is greater for the electrodes stored in the vacuum oven compared to the dry room or general atmosphere. Storage in the dry room has quite a significant effect on the quality of the electrodes, both anode and cathode. When stored in a vacuum oven there is no observable major change in the initial capacities of the anodes; there is a small increase in the first cycle loss. However, there is a significant change in the surface properties, possibly due to the de-absorption of carbon dioxide species. The cathodes show a decrease in formation capacity and an associated increase in the surface carbonates and hydroxides on the surface of the materials. In the case of cathodes, there is an observed increase in the level of lithium and oxygen on the surface, compared to the as-received materials and for the severely exposed materials, increased cracking of the particles was observed; this results in a loss of electronic connectivity of the electrodes, which is the likely reason for the reduced capacity.
(c) Full-cell analysis
The resistance originating from the secondary electrolyte interphase (SEI) layer is tracked ( figures 13 and 14) . The first incomplete semicircle in the high-to medium-frequency range is the resistance arising from the lithium-ion migration from the surface films. The second semicircle (figures 13 and 14) in the medium-to low-frequency range results from the charge transfer between the electrolyte and the solid surfaces. The linear Warburg element at the low-frequency range corresponds to the lithium-ion diffusion through the active material. For simplicity, only the SEI resistance arising from the diffusion of lithium ion through the surface films is taken into calculations. It is observed that the impedance on the vacuum stored sample is slightly lower than the pristine sample after the formation; however, the impedance increases significantly from approximately 10 Ω to approximately 50 Ω over the 500 cycles. It also shows the large increase in impedance after 100 cycles which corresponds to the cycle life fade shown in figure 15 , whereas the pristine sample resistance increases from approximately 14 Ω to approximately 18 Ω ( show a significant disparity in cycle life. Figure 15 shows averaged cell capacity versus cycle life for three cells made with as-received electrodes and three made using electrodes stored in a vacuum oven for five months. Although initial capacity is similar for cells produced immediately after electrode production and after five months of storage, the capacity as a function of cycle life began to diverge rapidly. After only 100 cycles, the capacity of the electrodes stored in the vacuum chamber drops off a 'cliff', whereas the fresh sample maintains a steady discharge capacity degrading in a more gradual manner. This illustrates the stark comparison between cells produced using 'fresh' electrodes and those which have experienced degradation as a result of storage even in a vacuum oven.
(d) Electrolyte
Electrolyte degradation is also of critical importance. It was observed that dependent on the additives incorporated electrolyte was sensitive to both temperature and moisture exposure. For some electrolyte compositions, there was a dramatic colour change from clear to orange-brown which occurred in only a few days figure 16 . There is also a dramatic change to the pH of a solution as a result of the production of HF and its derivatives due to parasitic side reactions between the lithium salt and moisture. The concentration of HF produced was far greater than anticipated and led to noticeable etching of glass sample holders and a pH change from approximately 6.5 for asreceived samples down to less than 1 after the electrolyte had been exposed to air for even short periods (figure 17). HDPE containers were used for visual purposes, however, degradation was also witnessed with stainless steel bottles more commonly used commercially. HF production and the associated acidification of the electrolyte occurred even with limited exposure to a dry room environment and so further investigation is underway to establish best practice for electrolyte storage and handling.
Conclusion
The understanding of the shelf-life issues of lithium-ion battery components is critically important as they have a significant impact upon the life time and performance of a lithiumion cell. Here, we look at components, specifically the electrodes and electrolyte. We have shown that both electrodes, anode and cathode, change over time; the storage of the materials in normal atmosphere has enhanced degradation as expected compared to that stored in a dry room and a vacuum oven. However, the degradation even in a vacuum oven can be significant and the demonstration of cells made with the same electrode that cycle only 100 cycles and reach 80% of initial capacity compared to 500 cycles or more with the pristine electrodes illustrates this extremely well. Electrolyte storage and handling is also associated with a shelf life, and, in this study, we can see that the degradation of the electrolyte happens even in a dry room. Typically, there is a six-month shelf life on the electrolyte from the manufacturers; however, this will change depending upon the storage conditions. Water is the biggest culprit for the electrolyte causing decomposition reactions to HF in the electrolyte. Carbon dioxide and water is an issue for electrodes as the surface of the materials absorb CO 2 , which eventually hydrolyses to incorporate water and to form lithium hydroxide on the surfaces. In summary, the handling, and control of the atmosphere during cell assembly and manufacture is extremely important. Storage in a dry room, and even a vacuum oven in a dry room can have a significant impact upon the cell performances. Although conditions are 'dry' degradation still occurs, and care must still be taken when using electrodes stored in a vacuum oven. From this work it is very difficult to make a call upon the length of time an electrode should be stored, as all storage has an impact upon the performance; however, we would recommend not storing the electrodes under a dynamic vacuum as this appears to also cause degradation issues, the precise mechanisms and the effect of the different binders requires more investigation. We recommend that the electrodes are vacuumsealed after manufacture and drying and subsequently only opened within the same week of use. Electrolyte should be stored in inert atmospheres and only transferred into the dry room for filling activities in small quantities. Care should be taken after three months, and the water level and HF level checked of the electrolytes to ensure that it can still be used.
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